Broad-billed Rollers Eurystomus orientalis are widely distributed in tropical and temperate Asia including Japan. They are among the brightest Japanese birds with conspicuous blue, green, black and white feathering and a red bill. The rollers are now only an uncommon summer visitor to Japan where they breed in footzone forests with tall conifers, or in the vicinity of isolated montane temples (OSJ 1974) . They forage from a high exposed perch and catch large aerial insects. The general biology of the Broad-billed Roller in Japan has been described by GOMI (1929) , KIYOSU (1965) , and USHIYAMA (1983) . USHIYAMA (1983) was only able to locate two breeding sites of the bird in Nagano Prefecture.
In 1985, however, we found a new breeding site in the northern part of Nagano Prefecture.
In the course of ecological studies of Broad-billed Rollers in this area, we found various unusual objects in and under nests. These included shells, pieces of glass, plastic, and porcelain, the majority of which had no nutritional value. Experiments with test objects, enabled us to examine when and where objects were brought to the nests, We also analyzed the dirt and scratches left on the surface of the objects. In this paper, we suggest these objects function as "millstones" used to grind up beetles (Coleoptera) and discuss the possibility that the use of "millstones" may be found in birds specializing on prey with hard chitinous exoskeletons.
Their potential role as tools used during the courtship displays of Broad-billed Rollers is also discussed.
STUDY AREA AND METHOD
Observations were carried out in the breeding seasons of 1985 through 1987 at Sakae-mura (138°33'N, 36°58'E), Nagano Prefecture, central Japan. This is a mountainous area through which flows the Chikuma River (250-290 m above sea level). Villages and narrow areas of cultivation lie along the river and its tributary streams.
The surrounding areas are comprised of steep slopes covered with deciduous forests of beech Fugus crenata, birch Betula platly, oak Quercus mongolica, etc. In this area, . Broad-billed Rollers live mainly in beech forests adjacent to cultivated areas. A total number of nests examined during the three-year study was 19 (8 in Photo 1. Test object used for examination (upper) and ring-pull of can beer (lower).
Ring-pulls are one of the most frequently collected objects by Broad-billed Roller. 1985, 6 in 1986 and 5 in 1987) . Unusual objects were collected both from the bottom of nests and the ground under the nests after each of the three breeding seasons. Furthermore, we searched also the area within 20 m of each nest for strange objects. Throughout the breeding seasons of 1986 and 1987, we paid special attention to the ground below nests and collected objects whenever we visited the site.
Experiments with test objects were carried out in 1986 and 1987 in an area where three pairs were breeding close together on the fringe of a beech forest and adjacent to cultivated land and a village.
Test objects (30 X15 mm in size and 0.15 mm in thickness) were cut from an aluminium can. Each test object was slightly bent, numbered and placed on the ground (Photo 1). Groups of 20 test objects were placed on the ground in the vicinity of each nest, road sides, paths, and ridges between rice fields, or wherever Broadbilled Rollers were likely to find them. Objects were placed at 15 sites in 1986 and 6 in 1987. These caches of test objects were checked regularly, objects removed were recoded, and these were replaced with new objects marked with new numbers.
After the breeding season wass over, we carefully searched the bottom of the nests, the ground under the nests and the area near the nests for the lost test objects.
Observations at the nest were carried out from a hide throughout the 1986 and 1987 breeding seasons. The total time spent observating nests was 171 hours (19 days) in 1986 and 247 hours (21 days) in 1987. The foraging behaviour of birds away from the nest was observed without a hide at an open area crossed by high-tension wires. The total time spent for these behavioural observations was 86 hours (15 days) in 1986 and 198 hours (16 days) in 1987.
RESULTS

1) Number of strange objects
Strange objects were found at 18 (94.7%) out of the 19 nests observed. The mean number of objects per nest was 14.1 and the most was 53 (Table 1) . Overall 269 objects were collected from 18 nests. The mean number of objects per nest was much larger in 1985 (19.1) than in either 1986 (10.0) or 1987 (11.2) . This was presumably because the number of objects collected in 1985 included objects brought to the nest in previous years. 2) Identity of the strange objects About half (49.6%) of the objects carried to nests were shells (see Table 2 ). Marine bivalves (clam and short-necked clam) and limnetic bivalves (Corbicula sp.) were particularly common.
These bivalves do not occur naturally in the study area, and are presumed to have been picked up by the birds from rubbish dumps or from kitchen gardens.
The remaining shells were of limnetic mud snails and of terrestrial snails,.both of which are available in the study area: the mud snails from rice fields and the terrestrial snails from the forest.
Apart from stones, all other objects found (47.3%) were artificial . Pieces of aluminium predominated and represented 23.3% of all objects (50.4% of all artificial objects). Most were ring-pulls (Photo 1 lower) from juice and beer cans and the caps of bottles. Various porcelain and plastic fragments were also found. Annual variation in the proportion of the different types of objects was found (Table 2 ). In 1985, for example, corbicula shells comprised 42.5% of the objects. This proportion, however, decreased in the following two years. Conversely, the proportion of aluminium pieces increased yearly, reaching 49.0% in 1987.
Except for a fragment of styrene foam, all of the objects were hard, and except for the snails and crab claws they had no nutritional value for Broad-billed Rollers.
3) Number and nature of objects in relation to the collected sites Not all objects were recovered from nests: 36.1% were found on the ground beneath the nests and 61.0% in nest cavities ( Table 3 ).
The number of objects collected under nests was closely related to the depth of nest cavities. In the case of shallow nests (less than 3 cm), most objects (79.3%) were found on the ground below. In contrast, in the case of deep nests (14-30cm), only 17.0% of objects were found below the nest and 83.0% were collected from inside the nest cavity.
Except for a fragment of styrene foam, the same kind of objects collected under nests were also found in the nests. Therefore, there are no clear qualitative differences between the objects collected from these two sites. But, there are quantitative differences between them. Most of the test objects examined were found in the nests. More corbicula shells, snail shells and aluminium objects were found under nests than in nests. Conversely, more short-necked clam shells, porcelain, plastic and test objects were collected in nests than under nests.
Only 8 objects (3.0% of all the objects) were collected near nests, and half of them were test objects. As the test objects were made of aluminium cans, most objects (75.0%) collected near nests were aluminium objects. Table 3 . The comparison of number and kind of objects in relation to the sites where objects were found.
4) Colour of objects
The unusual objects collected at the Broad-billed Roller nests varied in colour. Most were white (shells, plastic, porcelain, stones) or silver (aluminium pieces). Some of the fragments of porcelain, plastic and glass were blue. As other scarce colours, there were red (plastic caps), green (a piece of plastic sheet), light yellow (small tablet containers),.dark gray (a mud snail), yellow and brown of different shades (snails). One characteristic in common was most objects had a more or less shiny surface.
5) Where did the objects come from?
To answer this question test objects were placed at the various sites near nests. A total of 76 test objects were removed during the breeding season in 1986 (Fig. 1  upper) . Only 10 (13.2%) of them were found later. In 1987, a total of 32 test objects were removed and 9 of them (28.1%) were found later ( Fig. 1 lower) . Most removals occurred within less than 200 m from the nests (Fig. 2) , and all of the 19 test objects recovered later originated from less than 200 m from the nests. 6) When were the objects brought? Fig. 3 shows the seasonal relationships between the removal of test objects and the breeding season of Broad-billed Roller in 1986 (upper) and in 1987 (lower) . Broadbilled Rollers first arrived on 8 May 1986 and on 7 May 1987. All three birds in 1986 and both birds in 1987 arrived singly. Three pairs were observed in mid May 1987. However, one of them became single and stayed at the area around N, nest until early July. One of the other pairs stayed around N2 nest until early July, but they did not breed.
Therefore, only one pair started egg-laying and succeeded in fledging young in 1987.
In both seasons, there were two peaks of the removal of test objects. The first peak was before egg-laying and the second during the nestling period. Only a few objects were removed during the incubation period in both years.
Among the 50 test objects removed before egg-laying, 5 of them (10%) were found later (Fig. 3) . Four of them were found under perches used often by parent birds. The other was found below the nest. On the other hand, two test objects removed during incubation period and all of the 12 test objects during the nestling period were found at the bottom of nest cavity. 7) Seasonal change of courtship feeding, copulation and feeding of readings
Courtship feeding took place soon after pair-formation and was most frequent in late May (Fig. 4 upper) . Courtship feeding during this period was observed mainly at sites 40-250m away from the nest, mainly on high-tension wires. In late May, courtship feeding was observed also on perches near the nest, but only infrequently (Fig. 4 lower) . With the decrease of courtship feeding away from the nest, copulation increased near the nest and reached a peak in early June. Thus, the first peak of the removal of test objects by Broad-billed Rollers corresponded with the peak in Hiroshi NAKAMURA and Takahiro TABATA [Jar. J. Ornithol.Vol.36 No.4 Vol . 36 No. 4 copulation. After the start of incubation, food was brought to the nest entrance and passed to the incubating bird. After the eggs had hatched the female spent long periods brooding the young in the nest. The frequency with which the young were fed by their parents was highest at the end of the nestling period (Fig. 4 lower) . Thus the second peak of the removal of test objects corresponded to the peak of feeding of the nestlings.
8) Analysis of the dirt found adhering to the objects
When the objects were found, most of them were covered with a coating of dirt containing small fragments (diameter less than 2 mm) of the chitinous parts of insects. The proportion of objects coated with dirt in this way varied from locality to locality (Table 4) . Most (96.3%) of the objects found in nests were coated with dirt, whereas the 8 objects collected near nests were not. Objects collected below nests were intermediate between these two extremes with 42.4% of them without a coating of dirt.
9) Size of the objects in relation to dirt
There was a large difference in the size of those objects covered with dirt and those without (Table 4 ). In general, those covered with dirt were the smaller of the two Table 4 . The size comparison of objects in relation to the presence of dirt and the sites where objects were found. types. The mean length of 'dirty' objects collected from nests (21.82±7.14 mm) was significantly smaller (P<0.01) than that of 'clean' objects (32.33±1.87mm). The same relation existed in the case of objects collected under nests. But, there was no significant difference between the mean weights of 'clean'
and 'dirty' objects collected from nests.
10) Deformation of test objects by Broad-billed Roller
During the experiments, slightly bent test objects were placed on the ground (Photo 1 upper). When recovered, however, some of the test objects were later found to have been further deformed (see Fig. 5 ). The degree of deformation was shown by the number of folds, the maximum being four. The degree of deformation was closely related with a covering of dirt (Table 5 ). That is, most 'dirty' test objects were deformed, while 'clean' test objects were not, or only slightly deformed.
11) Scratches on the aluminium pieces
Most of the pieces of aluminium, including test objects, had some surface scratches (Photos 2 and 3). These were classified into 4 categories depending on the degree of scratching.
An example of a heavily scratched (category III) is shown in Photo 2. The degree of scratching was closely related to the particular site at which the aluminium pieces were found, and on the presence or absence of dirt (Table 6 ). Of the aluminium pieces collected from nests, 89.5% had scratches on the surface. The proportion was almost the same (88.9%) among the objects collected under nests. On the other hand, 5 out of 6 aluminium pieces collected near nests were unscratched.
Of the 'dirty' aluminium pieces, 93.0% of them were scratched, while only 42.9% of 'clean' objects were scratched.
All of the aluminium pieces folded more than twice had heavy scratches on the Photo. 3. A ring-pull recovered from a nest. There are many scratches on the surface. Table 6 . The degree of scratches as related to the presence of dirt and the sites where aluminium objects were found. The degree of scratches was shown by 0-III, i.e., 0 means no scratches, III means the degree to which almost the entire surface was covered by scratches as the examples shown in Phote 2. Numerals in parentheses indicate the number of test objects. outer surfaces, but none on the inner surfaces. This fact indicates that the scratches were made after the aluminium objects were folded. 12) Growth of gape-length Fig. 6 shows the measurements of the gape-length of nestlings in different ages. The growth of gape-length is rapid in the early nestling stages and stopped by the middle stage, i.e., 10 days before fledghing. The size is about 30-35 mm. It should be noted that no data were available for about the first week after hatching and since the hatching date was not known, age in days was calculated on the basis of the number of days before fledging. The typical fledging period is 21-24 days (USHIYAMA 1983).
DISCUSSION
General
During this study unusual objects were found at almost all Broad-billed Roller nests in the study area (Table 1) . Similar objects, i.e. fragments of tile and flat stones, have also been reported from a Broad-billed Roller's nest in Kofu City, Yamanashi Prefecture (I. YODA pers. comm.), and much earlier GOMI (1929) reported that two bivalve shells (Corbicula sp.) in a pellet regurgitated by a nestling Broadbilled Roller in Kiso, Nagano Prefecture.
It seems, therefore, that bringing objects to the nest may be more of a rule than an exception among Broad-billed Rollers, at least in central Japan.
The main prey items of the Broad-billed Roller in Japan are large flying insects such as stag beetles (Lucanidae), gold beetles (Scarabaeidae), long-horned beetles (Cerambycidae), and cicadas (Cicadidae) (NAKAMURA and TABATA, in prep.). These insects are caught in the bird's main habitats of forest or forest fringe. Except to drink, it is rare for this species to alight on the ground (GOMI 1929) . Since the type of objects found in association with the rollers were originate on the ground, it can be concluded that the birds must have visited rather unusual feeding sites in order to collect these objects. Moreover, the birds visit these unusual sites at times when they need most food, that is at times of the breeding cycle when they are busiest.
Similar objects have been reported from Wryneck Jynx torquilla nests after the breeding season (DEKHUYZEN-MAASLAND et al. 1962 , KLAVER 1964 , DORNBUSCH 1968 , HEUER and KRAGENOW 1973 , TERHIVUO 1977 . Some objects such as bivalve shells, fragments of gastropod, stones, glass, porcelain, plastic, and metal have been found in both Wryneck and Broad-billed Roller nests. A few objects have been reported from Wryneck, but not from Broad-billed Roller nests, such as bones, scales, seeds, cement, and putty. However, on the whole the objects were basically the same in both species and had certain similarities, i.e, most objects had more or less shiny surfaces and were collected most frequently at the end of the nestling period (TERHIVUO1983). KLAVER (1964) and LOHRL (1978) suggested that the objects brought to the nest by Wrynecks could provide supplementary Ca and P for the nestlings and might improve the efficiency of digestion. TERHIVUO (1983) , however, did not agree since the peak requirement period of Ca and P did not coincide with the peak of bringing objects. Instead he suggested that the behaviour was the consequence of an error in the release of 'picking up' behaviour in the parent bird (TERHTVUO1983).
Broad-billed Roller nestlings regurgitate the indigestible parts of their food as pellets (GOMI 1929) , and since their parents remove neither the pellets nor the feces (USHI-YAMA 1982), a loose heap of pellets and feces is left in the nest after fledging. As Hiroshi NAKAMURA and Takahiro TABATA [Jap. J. Ornithol.Vol.36 No.4 V.I . 36 No. 4 already described most of the objects found in nests were dirty' (Table 5) , however this 'dirt' was not of the kind that would adhere to the surfaces merely as a result of the objects lying in the nest. Fragments of the chitinous parts of insects were found to bee crammed tightly in to every crevice and opening in the objects indicating that most of them had been swallowed by the nestlings and then regurgitated as pellets. As described before, bivalve shells have actually been found in a pellet of a nestling (GOMI 1929) . Among the objects found in nests, not all had been swallowed by nestlings, because some were still 'clean' (Table 5) . Most 'clean' objects were larger than 'dirty' objects ( Table 5 ). The reason for this is that the larger objects were too large to be swallowed by the nestlings and thus were rejected. The gape-length of nestlings was 30-35 mm (Fig. 6) . Some of the test objects were found to have been bent and folded (Fig. 5) , and it is suggested that the parent birds bend them so that they are easier for the nestlings to swallow.
During the incubation period of 1987, two test objects were brought to nest (N1) (Fig. 3 upper) . These objects were already 'dirty', indicating that they had probably been swallowed by one of the adults and then regurgitated as a pellet during incubation. Further two test objects were also brought to nest (N1) during the early nestling period in 1987. Both objects were very dirty. They measured 20.5_??_18.2 and 19.0_??_15.3 mm, respectively, and because of their size it is assumed that they were also regurgitated by the adults since they were too large for the nestlings to swallow (Fig. 6) .
How did the surface of the aluminium objects become scratched?
Most of the aluminium objects including the test objects were scratched on the surface (Table 7) . However, it seens unlikely that Broad-billed Rollers could scratch them so heavily (Photos 2 and 3) merely with the bill or claws.
Most of the aluminium objects with scratches were very dirty (Table 7) and as the 'dirt' included fragments of the chitinous parts of insects , it seems likely that the 'dirty' objects had been swallowed , either by a nestling or an adult bird, and then regurgitated as a pellet. Despite heavy scratching of the outer surface, some of the folded aluminium objects had no scratches on their inner surfaces. This indicates that these objects were folded first then scratched while in the stomach.
How were the aluminium objects scratched in the stomach?
It is unlikely that the digestive organs alone could cause the scratching noted on the surface of the aluminium objects. It is most likely that these scratches were the result of the objects themselves being used as "millstones", to grind down the hard chitinous bodies of prey items through the action of powerful muscles of the gizzard. Aluminium surfaces are easily scratched when rubbed against shells, porcelain, glass, stones or other hard objects. The aluminium objects with heavy scratching (the degree III in Table 7 ) are thought to have been used as "millstones" for some time in the gizzard before being regurgitated. Porcelain, glass and hard plastic do not scratch easily. Although shell and stones do scratch easily, the scratches are difficult to see and therefore difficulty to study.
Why do Broad-billed Rollers use objects to grind its food?
Many birds regularly ingest small stones or grit, apparently to help grind their food. This habit seems primarily to be a practice of gramnivorous and herbivorous birds (FARNER 1960 , MEINERTZHAGEN 1964 . Beetles are the mainn prey of the Broad-billed Roller, most of which are swallowed whole. (NAKAMURA and TABATA, in prep.) . The small stones or grit used by so many birds may be useless for grinding the large chitinous bodies of beetles, and thus larger objects may be essential. JENKINSON & MERGEL (1970) showed that the practice of stone ingestion is widespread in the family Caprimulgidae. The Caprimulgidae are almost all strictly insectivorouss birds and eat mostly Coleoptera beetles. According to JENKINSON & MERGEL (1970) , most items present in the stomachs of Goatsuckers were stones, but a bivalve, found in the stomach of a Chuck-will's-widow Caprimulgus carolinensis, was suspected of having been taken as grit.
As described before, similar objects have been found in the nests of the Wryneck. The main food of the Wryneck includes ants, ant cocoons, and beetles (KlYOSU 1965) . Ants and beetles have chitinous bodies. In this point, the food of the Wryneck and Broad-billed Roller are Similar. We suspect that the tendency to bring strange objects to the nest should be regarded in relation the need to grind up the heavy chitinous bodies of ants and beetles, rether than as consequence of some kind of error as suggested by TERHIVUO (1983) . It may be expected that objects functioning as "millstones" might also be found in other species specializing in prey with hard chitinous exoskeletons.
In the case of the Wryneck, pieces of glass and plastic fed to nestlings have increased nestling mortality (CHRISTENSEN 1975 , TERHIVUO 1977 . From the dissection of 39 dead nestlings, TERHIVUO (1983) showed that 7 of them (18%) had died as a result of object(s) lodging in some part(s) of the alimentary canal. The same is likely to be true in the Broad-billed Roller, because the rate of ingestion of artificial objects is 49.8% (Table 1) , higher than the 33.8% in the Wryneck (TERHIVUO 1983) , although as yet we do not have enough data on mortality.
Shells and stones are likely to be the original objects used to help in the grinding of beetle exoskeletons by Broad-billed Rollers, however the existence of plentiful artificial objects in their habitat may have led to their recent frequent use.
The possibility that objects were used as a tool during courtship disply
From the experiments using test objects, it was shown that many objects were removed not only during the nestling period but also before egg-laying (Fig. 3) . All of the test objects removed before egg-laying were found near, or under nests (Fig. 3) . It is known that the female House Sparrow Passer domesticus selects food rich in calcium, such as snail shells, during egg-laying in order to produce egg shell (SCHIFFERLI 1979) . However, in Broad-billed Rollers there was no difference between the rate of shells collected from nests and outside nests ( Table 2) . None of the test objects removed before egg-laying had scratches and dirt (Table 6 ) and the deformation of these objects was not severe (Table 4 ). These facts suggest that most objects removed during this period are not swallowed by the adults, and thus it is unlikely that these objects were collected with the purpose of building up egg-shell or for grinding up food. But then why were so many objects removed during this period?
The first peak of the removal of test objects corresponded to the peak of copulation (Figs. 3, 4) . During the copulation period, both birds remained for long periods around the nest and courtship feeding was often observed on perches near nests. During this period in 1987 (on 5 June), we were able to observe one bird taking a test object in its bill. After copulating on a branch near nest (N1) at 07:58, one bird flew and perched on another branch. At this time, the bird was carrying a test object in its bill. About . 100 seconds later, the bird flew back directly to the nest.
From this behaviour, we suspect that objects removed before egg-laying may be used as a tool during courtship display. All of the 8 objects found near nests (2 shells, 2 aluminium pieces and 4 test objects) were collected under the branches on whick adult birds often perched, and on which courtship feeding and copulation were often observed.
Among the objects collected under nests, 58.2% of them were not dirt (Table 5 ). This fact means that more than half of the objects were neither swallowed by the nestling nor by the adults, despite their size were possible to swallow (less than 30 mm).
As described before, more objects were collected under the shallow nest holes than under deep nest holes. This may be the result of some dirty objects being pushed out of the nest by either the adults or the nestlings. In addition, the presence of some dirty objects beneath deep nest holes may indicate that adults occasionally pick up objects from the nest and throw then out.
Why were clean objects found under nests?
It seems likely that some objects were brought to the nest as part of the courtship display indicating the locality of the nest-hole, and then dropped under the nest. This is supported by the fact that clean objects tended to be more conspicuous objects such as aluminium pieces, Corbicula shells and snail shells (Table 3) . Nest-showing behaviour was often observed during the early stage of copulation.
In spite of the long hours spent observing near nests, only one bird with an object in its bill (discribed above) was observed. One reason for this was that most of the Broad-billed Roller's behaviours are very fast, we may have missed some of them. Moreover the birds were very cautious and may have been disturbed by observers. More careful observations is needed of this behaviour. SUMMARY 1) Some strange objects, shells, glass, plastic, porcelain, etc., were found from the nests of Broad-billed Rollers Eurystomus orientalis. These objects had some common characteristics: most of them had a hard and shiny surface, and had no nutritional value.
2) Using experiments with test objects, we examined when and where these objects were brought to the nest. The experiments showed that most objects were brought to the nests from less than 200 m away.
3) Strange objects were brought to the nests mainly at the end of the nestling and copulation period (the most frequent time of feeding). The test objects brought during the copulation period were found both in the area near nest and under nests, while the test objects collected during the nestling perod were from the bottom of nests. 4) Most objects (80.6%) collected from the bottom of nests and 41.8% of the objects collected from under the nests were very dirty with small fragments of chitinous parts of insects. The average size of clean objects was larger than that of the dirty objects. 5) Some of the test objects removed by Broad-billed Rollers were found to have been folded. All of the deformed test objects were very dirty. 6) Most of the dirty aluminium pieces had some scratches on the surface. The aluminium pieces used by Broad-billed Rollers had some scratches on the outer surface, however, there were no scratches on the inner surfaces.
7) It was shown that the dirty objects were swallowed by nestlings or parent birds and then regurgitated as pellets, and the scratches left on the surface of the aluminium objects were made by the objects being rubbed together in the bird's stomach. From these observations, it was concluded that the strange objects were used as "millstones" for grinding hard chitinous bodies of beetles, which are main food of Broad-billed Rollers, and to aid digestion.
